Background: ZIP transporters increase the cytosolic concentration of first row transition metals. Results: We have developed a structural model of hZIP4 by combining protein prediction methods with in situ experiments. Conclusion: Analysis of our experiments provides insight into the permeation pathway of hZIP4. Significance: Comparison of this model to membrane transporter crystal structures provides a structural linkage to MFS proteins.
Members of the Zrt and Irt protein (ZIP) family are a central participant in transition metal homeostasis as they function to increase the cytosolic concentration of zinc and/or iron. However, the lack of a crystal structure hinders elucidation of the molecular mechanism of ZIP proteins. Here, we employed GREMLIN, a co-evolution-based contact prediction approach in conjunction with the Rosetta structure prediction program to construct a structural model of the human (h) ZIP4 transporter. The predicted contact data are best fit by modeling hZIP4 as a dimer. Mutagenesis of residues that comprise a central putative hZIP4 transmembrane transition metal coordination site in the structural model alter the kinetics and specificity of hZIP4. Comparison of the hZIP4 dimer model to all known membrane protein structures identifies the 12-transmembrane monomeric Piriformospora indica phosphate transporter (PiPT), a member of the major facilitator superfamily (MFS), as a likely structural homolog.
The zinc-and iron-regulated transport protein (ZIP) 3 family functions to increase the cytosolic concentration of first row transition metals (1, 2) . Although mutations to these proteins result in cellular zinc and/or iron deficiency, analysis of in situ experiments have demonstrated that ZIP transporters can also transport Ni 2ϩ , Cu 2ϩ , and/or Cd 2ϩ (3, 4) . ZIP member proteins have eight transmembrane domains and can be further classified into subfamilies (ZIPI, ZIPII, gufA, and LIV-1) based on sequence alignments (5) . The largest subfamily, LIV-1, is distinct from other ZIP proteins as its members encode a highly conserved sequence (HSVFEGLAVGIQ) in transmembrane domain (TM) 4 that has been proposed to be important for transition metal transport (6) . The plasma membrane human (h) ZIP4 protein was the first human member of the LIV-1 subfamily of proteins to be identified as mutations within this protein lead to the zinc deficiency disease acrodermatitis enteropathica (6 -9) .
The Znt family of proteins functions in opposition to ZIP member proteins as they act to decrease the cytosolic concentration of zinc (10) . Elucidation of the crystal structure of the bacterial Znt protein, YiiP, and subsequent functional studies have provided insight into the molecular details of transition metal transport mediated by Znt proteins (11) (12) (13) . The six TM YiiP protein encodes a TM transition metal coordination site and is dimeric, and both termini are cytoplasmic.
Znt transporters belong to the cation diffusion facilitator (CDF) family. CDF proteins are found in bacteria, archaea, and eukaryotes (14) . Member transporters translocate first and/or second row transition metals (2, 10) . Both Znt and ZIP proteins are part of a larger group of transport proteins, named solute carrier (SLC) proteins. This group of proteins includes 52 families that function as facilitative or secondary active transporters, such as the major facilitator superfamily (MFS) (15, 16) . MFS transporters encode 12 TMs and transport small solutes in response to chemiosmotic gradients. Although mechanistic linkages among family members are being studied, structural linkages between families of SLC group proteins are sparse.
The absence of structural information for ZIP transporters has limited the scope and impact of mechanistic studies as it is not possible to decipher whether mutations that affect the kinetics and/or cation selectivity of ZIP proteins directly or indirectly affect transport function. Thus, the molecular mechanism of transition metal transport mediated by ZIP proteins is not resolved. In this study, we take advantage of recent progress in predicting residue pair contacts in a protein structure using co-evolution data to generate the first molecular model of hZIP4 using Rosetta in combination with co-evolution data (17, 18) . Mutagenesis studies that probe residues important for transition metal translocation and specificity are consistent with the model of hZIP4. Furthermore, the model has a similarity to the central transition metal coordination site of the Znt exporter, YiiP (11, 13) . Comparison of these structures suggests that the Znt and ZIP families may share a common metal selectivity for zinc.
Materials and Methods
Reagents-The SP6 mMESSAGE mMACHINE kit was acquired from Invitrogen. Restriction enzymes were purchased from New England Biolabs (Ipswich, MA). The XL-1 Blue supercompetent cells were obtained from Agilent (Santa Clara, CA). Pfu polymerase was procured from Stratagene (La Jolla, CA). The radioisotopes 65 ZnCl 2 and 59 FeCl 3 were purchased from PerkinElmer. All transition metal chloride salts were purchased from Alfa Aesar (Ward Hill, MA). Additional chemicals were purchased from Sigma-Aldrich unless otherwise indicated.
Contact Predictions from Co-evolution-GREMLIN, a contact prediction method that utilizes co-evolution, was used to predict residue-residue contacts in hZIP4. GREMLIN constructs a global statistical model that simultaneously captures the conservation and co-evolution patterns in the input alignment. Strongly co-evolving residue pairs as identified by this approach are highly likely to be in contact with each other in the three-dimensional structure (18) .
The input sequence of hZIP4 was trimmed to only include the following residues: 328 -427 and 487-642. This trimmed sequence excludes the extracellular N-terminal domain and the only significant intracellular domain between TM3 and TM4. Both of these domains have substantial variation between species. A multiple sequence alignment was generated using HHblits (19) with the following options: n, 8; e, 1 ϫ 10 Ϫ20 ; maxfilt, ∞; neffmax, 20; nodiff, realign_max ∞. The resulting alignment was then filtered to exclude any sequence that did not cover at least 50% of the query and to reduce the sequence redundancy to 90%. GREMLIN was then run with default parameters.
Rosetta Membrane ab Initio-The standard Rosetta ab initio structure prediction method was used to model the three-dimensional structure of hZIP4 trimmed to only include residues 328 -648. The default Rosetta energy function was modified to enable membrane specific terms with the following weights: fa_sol, 0.0; fa_mbenv, 0.3; fa_mbsolv, 0.35; and Menv_smooth, 0.5 (20, 21) . Transmembrane spans (residues 2-23, 33-53, 74 -95, 167-191, 197-222, 228 -252, 259 -282 , and 290 -314) were defined using the consensus output of the MESSA server (22) . To reduce the sampling space, sigmoidal restraints that modified the energy function were introduced. The shape of the sigmoid is defined using a distance cutoff, the slope, the intercept, and the strength of the weight parameter (Fig. 1A) .
The Rosetta ab initio protocol consists of two stages. In the initial stage ("centroid"), side chains are represented by fixed center-of-mass atoms allowing for rapid generation and evaluation of various protein-like topologies; the second stage ("fullatom") places all-atom side chains into a starting topology and iteratively refines the model until a low energy structure is found (17, 23) .
To favor sampling of topologies consistent with GREMLIN predictions, sigmoidal distance restraints (Fig. 1A) were introduced between residue pairs predicted to be in contact by GREMLIN (Fig. 2) . When used in the centroid stage of Rosetta, these restraints were introduced between carbon-␤ atoms (carbon-␣ in the case of glycine), at amino acid pair-specific C␤-C␤ cutoff and slopes, as described in Supporting Information Table  3 within Ref. 18 ; in the full-atom stage, these were replaced with ambiguous distance restraints between side-chain heavy atoms (cutoff of 5.5 and slope of 4) (24) . The relative weight of each restraint was based on the GREMLIN score. The total atom pair restraint score was scaled to be roughly one-half the total Rosetta score.
In addition to these restraints, additional strong repulsive distance restraints (weight 100, cutoff 35, slope 2, and intercept of 100) were added between extracellular regions (defined by residues 329, 391,522, 582, and 648) and intracellular regions (defined by residues 353, 425, 490, 553, and 615), and strong attractive restraints (weight 100, cutoff 35, slope 2 and intercept of 0) were added within intracellular regions and extracellular regions, effectively constructing a membrane-like sampling space (Fig. 1B) . These restraints were introduced between pairs of C␣ atoms.
The top 1010 models ranked by distance restraints score, with z-score Ն2 (Fig. 3) , were clustered based on structural similarity as calculated by TM-score (25) after excluding the disordered regions (positions 428 -486 and 643-648) (26) . Clusters were defined as connected components of a network, where each edge is between models with TM-score Ն0.7. The selected model was then further energy-minimized with Rosetta to remove clashes, while respecting structural symmetry and GREMLIN restraints (27) .
Expression of hZIP4 in Xenopus laevis Oocytes-Preparation of plasmid construct and mRNA was performed as described previously (3) . Site-directed mutagenesis was performed using QuikChange according to the manufacturer's instructions. Following mutagenesis, the entire gene was sequenced.
Oocytes were extracted from X. laevis in accordance with Worcester Polytechnic Institute Animal Care and Use commit- tee-approved protocol (3, 28) . Oocytes were digested with collagenase (3 mg/ml) for 3 h. Following enzymatic digestion, oocytes were rinsed with ORIϪCa 2ϩ buffer (90 mM NaCl, 2 mM KCl, and 5 mM MOPS at pH 7.4) three times and stored in ORIϩCa 2ϩ (ORIϪCa 2ϩ buffer with 2 mM CaCl 2 and 20 g/ml gentamycin) buffer overnight at 16°C. mRNA or diethyl pyrocarbonate-treated water was injected into each oocyte using a micro-injector and stored in ORIϩCa 2ϩ buffer for 3 days at 16°C.
Radioisotope Uptake Assay-Radioisotope uptake assays were performed 72 h following injection (3). Briefly, oocytes were washed with uptake buffer (90 mM NaCl, 10 mM HEPES, pH 7.4, and 1 mM ascorbic acid). Oocytes were incubated in uptake buffer containing 65 ZnCl 2 for 1 h. At the conclusion of the transport assay, oocytes were washed three times with uptake buffer and solubilized in 200 l of 1% w/v SDS solution. Solubilized oocytes were mixed with scintillation fluid (Scintisafe-30%, Fisher Scientific) and subjected to radioactivity measurement using a Beckman LS6500 multi-purpose scintillation counter. For iron uptake assays, 59 FeCl 2 was added as 59 FeCl 3 in the presence of 1 mM ascorbic acid. For competition experiments, 3 M 65 ZnCl 2 was added to 600 M of various transition metals. For control, no additional transition metal was added. In these experiments, it is necessary to subtract diethyl pyrocarbonate/water-injected controls at each concentration of zinc during the uptake assay to eliminate background radioisotope uptake. The resulting data points were fit with the equation:
n where V max is the maximal velocity, [Zn 2ϩ ] is the concentration of divalent metal ion, K m is the concentration of divalent metal at one-half V max , and n is the Hill co-efficient.
Detection of hZIP4 Surface Expression in Oocytes-hZIP4 surface expression was detected using EZ-Link Sulfo-NHS-SSBiotin and biotinylation kit (Thermo Scientific) according to the manufacturer's instructions. In brief, 35 oocytes 72 h after injection were washed three times with ice-cold PBS (0.1 M sodium phosphate, 0.15 M NaCl, pH 7.2) before incubating them with 2 ml of biotinylation buffer. Sulfo-NHS-SS-Biotin was dissolved in PBS to a final concentration of 0.11 mg/ml, and oocytes were incubated with biotinylation buffer for 90 min at 4°C with gentle shaking. The reaction was stopped upon the addition of 200 l of quenching solution. Biotin-labeled oocytes were washed four times with TBS (0.025 M Tris, 0.15 M NaCl, pH 7.2). Finally, oocytes were resuspended in 500 l of solubilization buffer (TBS buffer containing 1% (w/v) n-dodecyl-␤-Dmaltoside and 1 mM PMSF). Oocytes were homogenized by passing them through a 25-gauge needle. The lysate was centrifuged at 14,000 ϫ g for 20 min at 4°C. The supernatant was collected into microcentrifuge tubes. The pellet was resuspended in solubilization buffer and centrifuged at 14,000 ϫ g for 20 min at 4°C. The supernatants were mixed and incubated with 50 l of NeutrAvidin resin at room temperature for 60 min with gentle shaking. The resin was washed four times with sol- (29) , 50 oocytes were added to breaking buffer (20 mM HEPES, pH 7.4, 150 mM NaCl and 1 mM PMSF) and passed through a 25-gauge needle followed by 1 min of low speed centrifugation (100 ϫ g and 4°C). The supernatant was collected in a separate microcentrifuge tube and centrifuged (1 min at 100 ϫ g and 4°C). The procedure was repeated until no pellet was observed upon centrifugation. The supernatant was then spun down at 14,000 ϫ g for 30 min at 4°C. The membrane pellet was resuspended in solubilizing buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 1% w/v n-dodecyl-␤-D-maltoside, and 1 mM PMSF) and incubated at room temperature for 5 min. The insoluble fraction was separated by high speed centrifugation (14,000 ϫ g for 30 min at 4°C). The supernatant was added into Laemmli buffer in the absence of reducing agent. The solubilized total membrane proteins were separated on SDS-PAGE. The Western blot was developed using rabbit polyclonal antibody raised against N terminus of hZIP4 (Aviva Systems Biology).
Results
A model of hZIP4 was generated using predicted contacts and Rosetta (18) . Functional studies support this model. The structure comparison method was then used to compare the hZIP4 structural model with non-redundant Protein Data Bank (PDB) membrane protein structures (30, 31) .
Residue-Residue Contacts Predicted from Co-evolutionMembrane structures have been modeled using contact prediction based on co-evolutionary patterns in large multiple sequence alignments of homologous proteins (32, 33) . To see whether such an analysis was possible for hZIP4, we constructed an alignment over the conserved transmembrane region by querying the UniProt database with HHblits (19, 34) . The resulting non-redundant alignment contained 1731 homologous sequences, 6.8 sequences per length of 255, which is more than the minimum sequences (5 sequences per length) required to predict residue pairs in contact in the three-dimensional structure of hZIP4 using GREMLIN, a coevolution-based contact prediction approach that is more accurate than other extant approaches (18) . These predictions were then used as distance restraints in the Rosetta ab initio protocol along with other membrane-specific terms to generate over 100,000 structural models of hZIP4 using a distributed computing network, Rosetta@home. Of these, the top 1010 models based on restraint score were extracted. These models formed three large clusters (Fig. 4) , of which one cluster agreed with GREMLIN predictions and formed physically realistic structures.
Despite this extensive sampling, we observed one set of predicted contacts that were consistently not made by the structural models (Fig. 4A) . Further inspection revealed that it was physically impossible to make all these contacts in regions between TM2-3 and TM7-8, without breaking contacts between other helices in a monomeric state. The top Red boxes indicate helices predicted to be in contact but are not in the given cluster. A, cluster A makes contacts between all the top co-evolving helices, but there is a disagreement between models in the regions boxed in green. Further analysis reveals that variation within cluster A is explained within the context of dimer helix swapping (Fig. 6) . B and C, both clusters B and C have missing helical contacts in regions with strong co-evolution signal. Additionally, they both expose histidines into the membrane, which is highly improbable for membrane proteins.
384 (1.5 ϫ length of query) co-evolving pairs of residues that were at least three residues apart (Fig. 2 ) in the protein sequence were then selected to be used in subsequent structural modeling in Rosetta. Using these top co-evolving pairs, an oligomeric interface could be readily made (Figs. 5, B and C, and 6). Notable for these results is that each of the variants in cluster within Fig. 4A can make the dimer interface as shown in Fig. 6 . Equally, these models have histidine residues lining the transmembrane core forming a potential permeating pathway (Fig. 5A) .
The Effect of Histidine to Alanine Mutations on hZIP4 Zinc
Transport-Our laboratory has demonstrated that covalent labeling of histidine, but not cysteine residues, decreases the velocity of Zn 2ϩ transport (3). Independent of the modeling studies, we examined the functional role of each transmembrane histidine residue in transition metal translocation. hZIP4 encodes six transmembrane histidine residues: 379 (TM2), 507 (TM4), 536, 540, and 550 (TM5), as well as 624 (TM8). We individually replaced each TM histidine residue with alanine. Zinc transport kinetics were determined for each of the mutant transporters using our established uptake assay (3). Previously, we have demonstrated that the wild type hZIP4 has two distinct K m values: 76 Ϯ 5 nM and 1.4 Ϯ 0.3 M (3). Alanine substitution at the TM histidine residues altered the nM K m for three mutant proteins: H379A, H507A, and H536A (Table 1 ). In addition, alanine replacement abolished the M K m for one mutant protein (H379A). Equally, no zinc translocation was observed for the H624A mutant (data not shown). Representative data for one of these mutants (H540A) is shown in Fig. 7 . Furthermore, to directly compare V max between the wild type and mutant constructs, oocytes expressing each construct were incubated with 3 M 65 ZnCl 2 . When normalizing the data to surface expression, the V max was significantly lower for the When we examine variation within cluster A, we find that the models are capable of making the remainder of the top co-evolving residues in the context of a dimer. For example, if we reconnect the loop regions between helices 2 and 3, swapping helix 3 between the homo-dimer (A Ն B), this preserves all predicted helical contacts. Another example would be to reconnect the loop between helices 7 and 8, swapping helix 8 (A Ն C), or a combination of both (A Ն D). These swaps are represented in the variation of the top cluster (Fig. 4A) . 
TABLE 1 Zinc transport kinetic parameters for WT and mutant hZIP4 transporters
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H379A, H507A, H536A, H540A, and H624Q mutants (but not H550A) when compared with the WT protein (Fig. 8) . Analysis of transport data for some constructs revealed Hill coefficients with non-Michaelis-Menten behavior (Table 1 ). This could be due to one or more factors including a flip-flop model where a dimeric transporter has reciprocal conformations, a ping-pong mechanism, or random substrate binding if more than one zinc atom is transported per transport cycle (35, 36) . It was also determined that zinc transport was roughly linear over the time of the assay (60 min) upon the addition of 21.75 M 65 ZnCl 2 (Fig. 9) . We have previously demonstrated that under these conditions, 65 Zn 2ϩ uptake is roughly linear for WT hZIP4 over 2 h (3).
Histidine 624 Is Essential for Biometal TranslocationHydropathy analysis, as well as our structural model, predicts that His-624 is located on the cytoplasmic end of TM8 and is not conserved among ZIP family proteins. Considering that ZIP member proteins that function as iron transporters (ZIP8 and ZIP14) encode glutamine at this position, we replaced histidine with glutamine at this position to further elucidate the role of this residue in transition metal permeation. The H624Q mutation retained zinc translocation function, while having a tighter (Fig. 10) .
Residues Contribute to Cation Selectivity of ZIP TransportersTo explore the role of the transmembrane histidine residues in cation specificity for hZIP4, we examined the relative velocity of Fe 2ϩ and Zn 2ϩ for WT and each mutant construct ( Table 2 ). The rationale for this experiment was the observation that zinc transport was inhibited for the H624Q mutant construct by high levels of iron in our competition assay. Therefore, we hypothesized that the H624Q mutant hZIP4 transporter would translocate Fe 2ϩ . Analysis of our experiments demonstrated that the wild type hZIP4 transports Fe 2ϩ , but that the H624Q mutant transporter is a poor iron transporter. Equally, replacement of three histidine residues with alanine significantly altered the velocity ratio of Fe 2ϩ and Zn 2ϩ transport (H379A, H507A, and H536A) ( Table 2) .
Structural Alignment of hZIP4 with Membrane Protein Structures-To examine whether the model of hZIP4 was similar in structure to more distal membrane proteins, we per- A, oocytes were injected with 25 ng of WT hZIP4 or mutant hZIP4 mRNA. After 3 days of incubation at 16°C, oocytes were subjected to radioisotope uptake experiment. Oocytes were incubated with 3 M 65 Zn 2ϩ , and zinc uptake was measured after 60 min. Transport data were normalized to surface expressed protein (B). * indicates a statistically significant difference in zinc uptake between mutant hZIP4 and WT after uptake was normalized to the level of protein surface expression (p Ͻ 0.05). Values are means Ϯ S.E. B, Western blot of surface-expressed WT and mutant hZIP4 proteins isolated as described under "Materials and Methods." The relative expression of hZIP4 was quantified using Quantity One software (Bio-Rad Laboratories).
hZIP4 Computational Modeling and Functional Studies JULY 17, 2015 • VOLUME 290 • NUMBER 29 formed structural alignments between the model and all known crystal structures of membrane proteins, in the Protein Data Bank of Transmembrane Proteins), using TM-align (30, 31, 37) . The hZIP4 dimeric model is closest in structure to MFS transporters (Fig. 11) . The highest ranked MFS transporter is PiPT, a eukaryotic phosphate transporter (Fig. 12) . The MFS and CDF proteins are separate families within the SLC group of proteins (38) . PiPT encodes 12 TMs in a two-fold axis of symmetry where phosphate translocation occurs at the two-fold axis.
Oligomeric State of hZIP4 -TM7s from each monomeric unit are adjacent helices in each of the top ranked models (Fig.  6) . Therefore, to elucidate whether the oligomeric state of hZIP4 could be disrupted using our model as a template, we replaced residues within TM7 with tryptophan. Oocytes were injected with WT or mutant hZIP4 mRNA. Total membrane proteins were isolated after 72 h. Following Western blot analysis, it was observed that WT hZIP4 is composed of both monomeric and dimeric complexes (Fig. 13) . Replacement of some, but not all, residues along TM7 with tryptophan resulted in mutant proteins, which favors a monomeric state. Notably, the L602W mutation resulted in nearly all of hZIP4 in the monomeric state, but this protein was not glycosylated. Equally, the D604W mutation greatly diminished the population of dimer; however, glycosylation is not affected for this mutant protein.
Finally, the M605W mutation did not affect the relative distribution of hZIP4 oligomeric states.
Discussion
We have combined GREMLIN contact prediction using the pseudo-likelihood approach with the Rosetta membrane protein structure prediction method to model the TMs of hZIP4. The 327-residue N-terminal domain was excluded because there were not enough homologous sequences to perform coevolution analysis. The 76-residue cytosolic domain between TM3 and TM4 was included in the structural modeling, but was (Fig. 6) . However, the interface for each oligomeric structure is composed of TMs 3, 4, 7, and 8. It is important to note that although our approach can define residue pairs that are co-evolving, co-evolution between residues does not always mean contact for all conformational states of the protein. Some contacts may only be made in one conformational state, whereas other contacts may comprise higher order oligomeric assemblies. Therefore, the top four potential models are shown here. Furthermore, models with a z-score greater than or equal to two were selected for the clustering analysis (Fig. 3) . Published experimental support for the dimeric model is derived from two sets of experiments. First, direct analysis of size exclusion HPLC suggested that the oligomeric state of ZIPB in detergent micelles was consistent with a dimer (39) . More recently, it was observed that hZIP13 is dimeric following chemical cross-linking (40) . Analysis of our tryptophan-scanning mutagenesis experiments suggests that dimer formation can be disrupted upon mutagenesis along TM7. Analysis of TM scoring demonstrates that the hZIP4 dimer model retains the same fold as MFS proteins. The closest MFS homolog is the 12-transmembrane monomeric eukaryotic phosphate transporter, PiPT (38) . Recently, it has been proposed that MFS transporters evolved either from three TM unit rearrangements or from a common ancestor without three TM unit rearrangements (41) (42) (43) (44) . Although analysis of our data provides further insight into the evolutionary relationship between SLC proteins, it is important to note that there are caveats to this analysis. First, analysis of our modeling experiments identified four possible dimeric interfaces. Some of the lower scoring models have slightly lower TM-scores when compared with the PiPT transporter. If the lower scoring models prove to be more accurate, then the comparison between the PiPT structure and the hZIP4 model should be reanalyzed. Second, the transport pathway for PiPT is along the homologous dimer interface of the hZIP4 model. This could suggest a different mechanism of transport for these two families of transporters. Alternatively, it could also be true that the proposed three TM unit rearrangements described above resulted in proteins with new functionalities, which are exhibited in hZIP4.
Mechanistically, the hZIP4 model encodes a central transition metal coordination site similar to the YiiP crystal structure (Fig. 14) . Mutagenesis of residues within the YiiP metal coordination site alters the transition metal specificity of YiiP (45) . Equally, alanine replacement of histidine residues within the hZIP4 model coordination site alters the K m , V max , and metal specificity of hZIP4. Among ZIP member proteins, residues that comprise this putative metal coordination site are variable, and amino acid differences within this coordination site likely hZIP4 Computational Modeling and Functional Studies JULY 17, 2015 • VOLUME 290 • NUMBER 29 contribute to differing cation specificity among ZIP transporters (2) .
It is plausible that overexpression of hZIP4 may result in protein misfolding, which may lead to distinct protein populations with altered kinetics or metal specificity. Although K m or normalized V max values between differing expression systems may vary, it is likely that trends, such as mutations that result in higher/lower affinities or changes in normalized V max , will be consistent between overexpression systems. Furthermore, considering that both micromolar and nanomolar K m values have been observed upon heterologous expression in mammalian cells as well as X. laevis oocytes, this suggests that either both affinities are present in vivo or that overexpression in both cell types gives equivalent artifacts (3, 4, 46) . Therefore, analysis of hZIP4 transport experiments performed in X. laevis oocytes is a viable and valuable method to examine transport properties for this class of proteins. By quantifying surface expression through the biotinylation and isolation of all surface expressed proteins, we have gained valuable insight into how mutations of histidine residues within the transmembrane domains influence V max . Equally, the non-MichaelisMenten Hill coefficients could be due to one or more factors including a flip-flop model where a dimeric transporter has reciprocal conformations, a ping-pong mechanism, or random substrate binding if more than one zinc molecule is transported per transport cycle.
In summary, by employing Rosetta with co-evolution and membrane terms in tandem with functional experiments, we have developed the first molecular model for ZIP proteins. This model can be used to examine the location of residues that contribute to specificity (His-379, His-507, His-536, and His-624) as well as the velocity of metal transport (His-379, His-607, His-536, His-540, and His-624). We expect that this model will open new avenues and experimental approaches to identify more nuanced mechanistic questions such as residues that contribute to transition metal docking within the ZIP family of proteins.
